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We image GHz zero-group-velocity (ZGV) Lamb waves in the time domain by means of an ultrafast optical
technique, revealing their stationary nature and their acoustic energy localization in two dimensions. The
acoustic field is imaged to micron resolution on a nanoscale bilayer consisting of a silicon-nitride plate coated
with a titanium film. Temporal and spatiotemporal Fourier transforms combined with a technique involving
the intensity modulation of the optical pump and probe beams gives access to arbitrary acoustic frequencies,
allowing ZGV modes to be isolated. The dispersion curves of the bilayer system are extracted together with
the Q factor and lifetime of the first ZGV mode. Applications include the testing of bonded nanostructures.
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2Waveguides channel propagating waves with reduced
losses thanks to the confined dimensions, and are widely
used in optics and acoustics. They are dispersive, i.e., the
phase and the group velocities differ. Zero-group-velocity
(ZGV) modes are particular points in a dispersion rela-
tion where the group velocity vanishes whereas the phase
velocity remains finite. These modes can be found in
most waveguide geometries (e.g., fibres and cylinders1,2,
plates3,4, etc.), and have the advantage of combining en-
ergy localization and high Q factor. Many applications
take advantage of these unique properties. In optics, they
are, for example, implicated in soliton propagation, pulse
compression and microcavity confinement1,5,6. In acous-
tics, they are important in structural testing using Lamb
waves, i.e., in geometries with free-surface boundary con-
ditions and for which the acoustic wavelength is of the
same order as the thickness7. Acoustic ZGV Lamb modes
offer, for instance, methods for estimating the Poisson’s
ratio8, thin layer thicknesses9, elastic constants10,11, and
interfacial stiffnesses between bonded plates12,13 or fa-
tigue damage14. ZGV Lamb modes have their energy
trapped within a specific lateral region, offering a local
measurement. These modes can be accessed by contact-
less excitation and detection, achievable with air-coupled
transducers3, electromagnetic acoustic transducers15 or
lasers4,8–14, often working in the kHz-MHz range.
The observation of ZGV Lamb modes in plates has
been extended up to the GHz range by the use of inter-
digital transducers16 or intensity-modulated continuous
lasers17, but only up to ∼40 MHz by the use of pulsed
lasers14. Observations of GHz ZGV Lamb waves with
pulsed lasers has, however, not proved possible owing
to the extremely sharp resonances associated with ZGV
modes—exhibiting Q factors up to 1470018, for exam-
ple—whereas acoustic frequencies are usually limited to
integral multiples of the laser repetition rate. Ultrashort-
pulse lasers are ideal for time domain imaging, but to our
knowledge the imaging of ZGV modes in two dimensions
has not been investigated.
In this paper, we image a GHz ZGV Lamb mode
in a nanoscale bilayer consisting of a silicon nitride
plate coated with polycrystalline titanium by means of
a time-resolved two-dimensional (2D) imaging technique
incorporating an ultrashort-pulse laser19. We overcome
the above-mentioned frequency limitation by the use of
arbitrary-frequency control that takes advantage of the
sidebands introduced by additional intensity modulation
in the laser beam paths20,21. In particular, we identify
and isolate the first ZGV mode, its associated Q fac-
tor and its lifetime. The experimental dispersion curves
of the bilayer are obtained, clearly showing the location
of the ZGV mode in frequency-wavevector space and its
acoustic energy localization.
RESULTS
Experimental setup and theoretical model — The
sample, depicted in Fig. 1(a), consists of a square sil-
icon nitride plate (of approximate composition Si3N4)
of thickness 1830 nm coated with a 660 nm sputtered
polycrystalline titanium film. Experiments were carried
out with an optical pump-and-probe technique combined
with a common-path Sagnac interferometer, that allows
the possibility of imaging22. A pump optical beam fo-
cused to micron-sized region of the sample surface (x,
y) is used to excite Lamb waves, and the temporal or
spatiotemporal evolution of the normal surface particle
velocity is obtained with ∼100 ps time-resolution with a
micron-sized probe beam spot and by varying the pump-
probe delay time with a delay line. Deformations occur
throughout the sample thickness (as expected for Lamb
waves). For the initial experiments the pump and probe
beams are co-focused to one point on the sample, and
for the later experiments the probe beam is scanned over
the surface in 1D or 2D. The arbitrary-frequency tech-
nique involving the modulation of the pump beam and/or
probe beam is described in detail in Methods.
In order to facilitate the identification of a ZGV
mode, we calculate the acoustic dispersion relation of
our bilayer structure, making use of literature elastic
constants23 as well as layer thicknesses obtained from
ultrafast pulse-echo measurement (see Supplementary
Information for details). The first ZGV Lamb mode
is predicted to be at frequency f th1 = 1.7248 GHz
and wavenumber kth1 = 0.620 µm−1. Two other ZGV
Lamb modes below 10 GHz are predicted near 3 and
7 GHz (see Table I in the Supplementary Information).
We concentrate in this paper on the first ZGV Lamb
mode, which has a significant out-of-plane acoustic
displacement component.
Detection of a GHz ZGV Lamb mode — Fig-
ure 1(b) shows the temporal evolution of the out-of-
plane surface particle velocity for an acoustic frequency
of f = 1.6900 GHz for co-focused pump and probe spots
of a few microns in width on the sample (see Methods).
This frequency was isolated initially by the help of the
above theoretical prediction for the first ZGV resonance
and subsequently by frequency tuning. A thermal back-
ground variation is subtracted using a polynomial func-
tion. This clearly reveals the ZGV resonance, a mode
with a lifetime greater than the laser repetition period of
∼12 ns (as explained in detail later). An enlarged view
of the data is shown in Fig. 1(c). Two effects contribute
to the decay in amplitude. The first originates from the
second-order term in the dispersion relation ω(k) in the
vicinity of the ZGV resonance, where ω is the angular
frequency and k the acoustic wavenumber. This pro-
duces a 1/
√
t decrease with time t, as previously observed
at lower frequencies24. The second originates from vis-
coelastic attenuation, yielding a decay ∝ e−t/τ0 , where
τ0 is the mode lifetime, and can be observed only after a
certain time has passed. The amplitude decrease in the
present case can be fitted to a good approximation with
a 1/
√
t function (using least-squares, as with all subse-
quent fits), as shown in Fig. 1(c). For our time window
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FIG. 1. Sample, surface particle velocity variation and acoustic frequency spectrum. (a) Schematic diagram of the
sample. DM: dichroic mirror, OL: objective lens. (b) Out-of-plane surface particle velocity measured for co-focused pump and
probe beams. (c) Zoom-in of the ZGV Lamb mode amplitude temporal evolution and fit ∝ 1/√t. (d) Frequency spectrum
obtained after a temporal Fourier transform. Arrows indicate the two modes imaged in Fig. 2. (e) Evolution of the normalized
amplitude in the frequency window 1.688 6 f 6 1.692 GHz. The solid line is a fit to the experimental data in the form of the
square root of a Lorentzian. The dashed line represents 1/
√
2 (i.e., -3 dB) of the maximum amplitude of the fit.
equal to ∼20 periods of the ZGV mode, no exponential
decrease is visible, precluding a derivation of τ0 by this
method.
The experimental spectrum obtained from the combi-
nation of the different scanned frequencies is displayed in
Fig. 1(d) (see Methods for details). Besides the strong
ZGV resonance at 1.6900 GHz, other peaks are observed
at 0.2391, 7.2365, 8.3594 and 8.9202 GHz, which are se-
lected a) owing to the choice of pump modulation fre-
quencies, as shown in Methods, b) because with co-
focused optical pump and probe spots one only detects
modes that do not leave the excitation region, i.e. modes
with zero or low group velocity, and c) because with
the probe-laser normal incidence only modes with sig-
nificant normal displacement are detected. The detected
modes lie on the qA0, qA4, qS8 and qS5 branches of the
acoustic dispersion relation, where qA refers to quasi-
antisymmetric and qS refers to quasi-symmetric Lamb
waves (see Supplementary Information). The observed
ZGV mode thus corresponds to the qS1 ZGV.
The experimental (f exp1 = 1.6900 GHz) and theoreti-
cal (f th1 = 1.7248 GHz) ZGV frequencies are in reason-
able agreement. The residual ∼2 % mismatch may be
caused either by a difference in the Si3N4 layer parame-
ters (see Supplementary Information) or to imperfect ad-
hesion between the two layers12,13. The two other ZGV
Lamb modes, predicted near 3 and 7 GHz, could not be
detected. This is thought to be owing to a mismatch
between the probed frequencies and the ZGV frequen-
cies (see Methods) as well as, for the 7 GHz peak, to
the smaller out-of-plane surface displacement expected
for this mode (see Supplementary Information).
Figure 1(e) shows the amplitude-frequency relation
around f exp1 . In order to extract the associated Q factor,
we fit with the square root of a Lorentzian function,
b/
√
a+ (f − f0)2, where a, b and f0 are fitting param-
eters, yielding f0 = 1.6899 GHz and Q = 1150. This of
the same order of magnitude as the Q factors previously
reported for thin composite silicon-nitride/metal/oxide
plates suspended by thin beams and driven in thickness
longitudinal resonances at similar frequencies25. For
ZGV modes, Q factors up to 14700 at MHz frequencies
have been observed in other materials18,26, values which
depend strongly on the ultrasonic attenuation at the
frequency in question, as discussed in the next section,
as well as parameters such as the possible imperfect
adhesion between the two layers.
Imaging a ZGV Lamb mode — The spatiotempo-
ral evolution of the acoustic field is imaged by scanning
the probe spot in 2D over a 55× 55 µm2 area using 301
frames. We specifically target the ZGV mode (at f exp1 )
and the branch qA0 at ∼0.24 GHz, indicated by the two
downward pointing arrows in Fig. 1(d). To eliminate un-
wanted frequency components, filtering of small and high
wavenumbers is conducted in Fourier space. We thereby
extract the amplitude field, as shown in Fig. 2(a) and
(b) for f = 0.2391 and f exp1 = 1.6900 GHz, respectively
(also viewable as animations in a Multimedia view). The
1.6900 GHz data represents, to our knowledge, the first
experimental 2D movie of a ZGV mode, extending the
1D observations of Laurent et al.27. Comparing the an-
imations, one can immediately ascertain that the ZGV
mode is not propagating, in striking contrast to the qA0
branch, which corresponds to propagating modes.
For a single-frequency point-excited wave in two di-
mensions, the radial form of the out-of-plane displace-
ment is proportional to J0(kr), where J0 is the first-order
Bessel function and r is the radial distance (see, e.g.,
Ref. 28). This has previously been confirmed by theory
and by simulation for ZGV Lamb modes17,24. Figure 2(c)
shows a fit to our data at 1.6900 GHz with the function
J0(kr), which gives reasonable agreement, also clear from
the cross section shown in Fig. 2(d). The value of k for
the best fit, kexp1 = 0.55±0.13 µm−1, is in fair correspon-
dence with the predicted value kth1 = 0.620 µm−1 from
the theoretical dispersion relation29. One can notice that
the experimental amplitude on the first main side lobes
Xie et al: Imaging GHz ZGV Lamb waves
4(c) (d)1.6900 GHz 1.6900 GHz
O
u
t-o
f-p
la
n
e
 
su
rfa
ce
 
pa
rti
cl
e
 
ve
lo
ci
ty
 (a
rb
.
 
u
n
its
)
0
(b) 1.6900 GHz(a) 0.2391 GHz
FIG. 2. Imaging a ZGV Lamb mode. (a–b) Normalized images of the measured out-of-plane surface particle velocity at
(a) 0.2391 and (b) 1.6900 GHz GHz. The x and y axis directions are shown in Fig. 1(a). Animations are viewable in the
Supplementary Information. (c) 2D acoustic field based on a fit to a Bessel function J0(kr). (d) Normalized out-of-plane
surface particle velocity evolution of the experimental (dots) and fitted (solid line) data as a function of radial distance (dashed
lines in (b)–(c)).
is slightly larger than the theoretical Bessel fitted func-
tion, which is in agreement with the results obtained by
Laurent et al.27. Away from the central peak, the experi-
mental amplitude is lower; these effects can be attributed
to high-frequency material losses.
Our measurement of Q factor (Q = 1150) and
wavenumber (kexp1 = 0.55 µm
−1) for the ZGV mode at
1.6900 GHz allows an estimate of the lifetime τ0. As a
first step, for a free-standing layer of a single isotropic
material and considering only viscoelastic losses18,24, the
spatial attenuation coefficient is given by
α =
k
2Q
, (1)
where α is an effective attenuation coefficient (in m−1).
This relation yields α = 240 m−1 for the above-
mentioned ZGV mode. One can then make use of the re-
lation τ0=1/(αvp), where vp is the phase velocity to find
τ0≈0.22 µs. This is much longer than the time ∼10 ns, for
an acoustic mode with a typical sound velocity ∼5 km/s
to leave the imaged region of 55 × 55 µm2 in which the
ZGV amplitude is significant.
The value of α obtained can be compared with
other high frequency measurements. Assuming an f2
variation in α, as expected from viscous losses, our
value α = 240 m−1 lies between those extrapolated
for longitudinal waves in silicon nitride (29 m−1) or
polycrystalline titanium (2300 m−1) to a frequency of
1.69 GHz30,31. A detailed comparison is difficult because
ZGV modes couple both longitudinal and transverse
strain components, which are distributed over the two
layers (see Fig. S2 in the Supplementary Information).
Dispersion curves — More complete information is
available with an experimental knowledge of the Lamb-
wave dispersion curves. To this end, the pump beam is
focused to a micron-sized line source with a cylindrical
lens (see Methods). The probe beam spot is scanned
along the direction x (> 0, see Fig. 1(a)) perpendicu-
lar to this line source over distances up to 100 µm in
0.05 µm steps to obtain the spatiotemporal variation of
the acoustic field. A 2D FT (temporal FT and 1D spa-
tial FT) allows the extraction of the acoustic dispersion
curves, as shown in Fig. 3(a) for both experiment and
theory, which show good agreement for the modes visible
in experiment (bright regions). The positive wavenum-
bers in Fig. 3 correspond to waves with phase velocity
along the +x direction. The three branches qA0, qS0
and qA1, observed here below ∼2 GHz, are detected
for a wide range of wavenumbers, unlike branches with
higher frequencies, which are detected only for small
wavenumbers k. The first ZGV mode is clearly ob-
served at k = 0.54±0.03 µm−1, in agreement with the
value extracted in the 2D-scan experiment. The sec-
ond ZGV mode, predicted at f th2 = 3.0024 GHz and
kth2 = 0.732 µm−1 is evident at f
exp
2 = 2.972 GHz and
kexp2 = 0.83 ± 0.03 µm−1, in fair agreement. This mode
may not have been observed in the previous experiment
with co-focused laser beams owing to the different excited
wave vector spectrum (kth1 < k
th
2 ). Other peaks that were
previously detected at 0.2391, 7.2365 and 8.9202 GHz are
again evident on the branches qA0, qA4 and qS5, respec-
tively. (The mode previously detected at 8.3594 MHz is
absent here, and no corresponding mode appears on the
dispersion relation. Its previous appearance in the spec-
trum of Fig. 1(d) seems likely to be an experimental arti-
fact.) Some branches, such as qA2 near 3.6 GHz as well as
qS0 and qA1, are revealed only in this new measurement.
We attribute residual discrepancies between the theoret-
ical and experimental dispersion curves to uncertainties
in the elastic parameters and in the layer thicknesses, and
to the possible imperfect layer bonding32.
The dispersion curves in Fig. 3(b) are a magnified view
of Fig. 3(a), this time including negative wavenumbers
corresponding to −x-directed propagation. The main
features are as follows:
1) for the qA0, qS0 and qA1 branches and the region
(ω, k) with |k| larger than that for the qS1 ZGV (the
latter indicated by a downward-pointing arrow in
Fig. 3(a)), the intensity is much greater for k > 0;
2) for the region (ω, k) with |k| smaller than that for
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FIG. 3. Dispersion curves of the bilayer. (a–b) Exper-
imental (image) and theoretical (dashed and dotted-dashed
lines) dispersion curves for (a) 0 6 f 6 10 GHz and 0 6
k 6 4.5 µm−1 (b) at frequencies near the first ZGV mode
for 1.5 6 f 6 1.9 GHz and −2.5 6 k 6 2.5 µm−1. The
solid navy blue section of the dispersion curves corresponds
to the portions where the phase and group velocities are anti-
parallel. (a) The box corresponds to the enlarged region in
(b) for k > 0. (a-b) Arrows indicate ZGV points. Plots are
independently normalized.
the qS1 ZGV, the intensity is much greater for k <
0;
3) for the region (ω, k) in the vicinity of the qS1 ZGV,
near wavenumber k1 and frequency f1, the intensi-
ties for k > 0 and k < 0 are comparable.
DISCUSSION
Because of the symmetry of the excitation with respect
to coordinate x, acoustic waves with positive and neg-
ative k should be generated with equal amplitude and
initially form a single wave packet located at the exci-
tation point. This wave packet is eventually broadened
and split because of the acoustic dispersion and the broad
distribution of positive and negative values of k. Its wave
components are plane-wave modes spreading over all 2D
space, but in general, their sum is observable as a wave
packet only if their phase constructively interferes. In
other words, there are two possibilities for observing no
acoustic field: a complete lack of such modes or the over-
lapping of several modes with random phase. (Compare
the Fourier transform of a δ-function: it contains an in-
finite number of fully spreading plane waves, but is only
finite at a point in space.) Since we observe the waves in
the region x > 0, the waves we can primarily observe are
restricted to those with vg > 0. Waves with vg < 0 exist,
but give negligible contribution to the waves we observe
because we only probe for positive x values over a region
with little overlap with the pump spot.
The feature 1) above can therefore be attributed to
the waves having co-directed group velocity vg and phase
velocity vp. With reference to the dispersion curves, all k
values involved in feature 1) show positive group velocity
vg > 0. On the other hand, feature 2) can be attributed
to the waves having anti-parallel vg and vp; the k values
involved in feature 2) can be seen to be negative, but
are associated with a positive slope on the ω-k plot, i.e.,
they possess vg > 0 but with vp < 0. The feature 3) can
be attributed to the waves with zero or very small group
velocity. The wave packet consisting of these near-zero or
zero-vg wave components remains almost stationary, and
both positive and negative k components contribute to
this wave packet over an extended period of time. These
features are consistent with those of Philippe et al.33. In
Fig. 3(b) we label the part of the +k qS1 branch with
the negative slope as qS2b (and qS−2b for the equivalent
−k part), in agreement with standard nomenclature34,35,
where b stands for ‘backward wave’. All other branches
with finite positive group velocity are observed only for
k > 0, with the exception of qS5 near 9 GHz, for which
vg is small for low k, and this branch is observed for both
positive and negative k with similar amplitude. Only the
branch containing the ZGV point at 1.6900 GHz has a
greater amplitude for negative k compared with that for
positive k.
In conclusion, we image a zero-group-velocity Lamb
mode in two dimensions. We apply an ultrafast time-
domain technique with arbitrary GHz-acoustic frequency
control to a nanoscale bilayer consisting of a silicon-
nitride plate coated with a titanium film to provide this
observation at unprecedented frequencies in the GHz
range. Our combination of both time-domain 1D and
2D optical scanning methods provides a comprehensive
probe for the ZGV dynamics. We isolate the qS1 ZGV
mode at ∼1.7 GHz and probe its spatial and temporal
characteristics, including its Q factor ∼1000. The spatial
form of this quasi-point-excited ZGV is directly verified
by Fourier analysis to correspond closely to the expected
Bessel function in 2D, allowing its wavenumber to be de-
rived and its ZGV nature to be directly verified in the
time domain from its relatively long lifetime ∼0.2 µs.
Experimental dispersion curves of this bilayer system are
also obtained, and show good agreement with a theoret-
ical model and reveal other ZGV modes.
Applications of real-time imaging of ZGV Lamb modes
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6include detecting defects in adhesion and deviations in in-
terfacial stiffnesses, so this high frequency imaging tech-
nique should provide new avenues for evaluating and
quantifying the mechanical integrity of nanostructures.
METHODS
Measurement setup— A Ti:sapphire pulsed laser pro-
duces a series of ∼100 fs width pulses at repetition rate
frep = 80.38 MHz and wavelength 830 nm. Part of this
beam is frequency doubled (λ = 415 nm) and used for
the pump with a pulse energy of ∼0.15 nJ. It is inten-
sity modulated with an acousto-optic modulator (AOM)
at frequency fp. For experiments with a circular pump
spot, the pump beam is focused on the Ti film side of
the sample at normal incidence with a ×50 objective
lens to a 4.2 µm radius (at 1/e2 intensity) to optimize
the first ZGV Lamb mode generation (see Supplemen-
tary Information). This generates, in the centre of the
pump spot, an instantaneous temperature rise of ∼80 K
after each laser pulse and a steady state temperature rise
of ∼50 K36. The Lamb waves thermoelastically gener-
ated with our pump are calculated to have an amplitude
of ∼10 pm. To determine the dispersion relation experi-
ments are also carried out using a pump spot in the form
of a line of 1/e2 intensity full-width 1.5 µm and a length
of 5 µm.
The other part of the beam, at λ = 830 nm, is used
for the probe. It is focused to a 2.8 µm radius (at
1/e2 intensity) for both types of pump beam focusing
with the same objective lens as used for the pump
and with a ∼0.03 nJ pulse energy. When required,
it is intensity modulated with another AOM at the
frequency fs. The modulation frequency is set to allow
heterodyne detection within the 3 MHz photodetector
bandwidth (|fp−fs| 6 3 MHz). A Sagnac interferometer
is incorporated22, producing two probe pulses separated
by a time interval of t < 200 ps. A delay line and a
2D spatial scanning system making use of a two-axis
displacement stage with a lens pair are mounted in the
path of the probe beam to access the spatiotemporal
evolution of the acoustic field at the sample surface at
20 Hz bandwidth. The out-of-plane surface particle
velocity modulates the optical phase, which is converted
to an intensity modulation that is detected with a lock-in
amplifier. The arbitrary-frequency technique allows one
to access frequencies nfrep + mfp, n an integer and
m = ±1, by recording both in-phase and quadrature
components20,21,37.
Data analysis — The setup used here makes use of
the following: double modulation (i.e. intensity modu-
lation of both pump and probe beams), a delay set in
the probe-beam line, and a probe modulation upstream
of the delay. The arrangement is described in detail in
Ref. 21. Because of the pump intensity modulation, the
excited frequencies are nfrep + mfp, where m = +1 for
the upper sideband and −1 for the lower sideband. The
generated acoustic field can be expressed as a superposi-
tion of these frequency components as
S(t) =
∑
n,m
An,m cos[−(nωrep +mωp)t+ φn,m], (2)
where An,m and φn,m are the position dependent am-
plitude and phase of a vibrational mode (n,m) of fre-
quency nfrep +mfp. In the summation of Eq. 2, the case
(n,m) = (0,−1) is not included. From the detection
system (i.e. a photodetector connected to a lock-in am-
plifier), we access the in-phase (X) and quadrature (Y )
components of the lock-in output, which are proportional
to the acoustic out-of-plane surface particle velocity38.
Both are functions of delay time τ and probe spot posi-
tion. The complex signal Z ≡ X + iY sgn(ωp − ωs) can
be rewritten as
Z(τ) =
∑
n,m
An,me
im[−(nωrep+mωs)τ+φn,m]. (3)
In the summation of Eq. 3, again the case (n,m) =
(0,−1) is not included. The amplitude and the phase
are found from a Fourier transform (FT):
An,me
imφn,m =
1
T
∫ T
0
Z(τ)ei(mnωrep+ωs)τdτ. (4)
It is then possible to analyze the data at an angular
frequency ω as a real-valued term involved in Eq. 2,
i.e., giving a spatial pattern of the vibration at ω =
2pi(nfrep + mfp). Modifying the frequency fp thus al-
lows arbitrary acoustic frequency control.
In the first experiment, the pump frequency fp is in-
creased from 0.1 up to 4 MHz by steps of 0.1 MHz. This
provides data at frequencies nfrep + mfp. In the spec-
trum displayed in Fig. 1(e), one can see the amplitude
evolution associated with n = 21 and m = +1 for all
these pump frequencies. The maximum amplitude is ob-
tained for fp = 2.0 MHz. In the following experiments
the pump frequency is maintained at fp = 2.0 MHz to
optimize the ZGV Lamb mode generation. The resulting
measured acoustic frequencies are nfrep ± 2.0 MHz. In
Fig. 1(d) the analysis covers all the scanned frequencies,
but for each n only the maximum amplitude is displayed
for clarity (e.g., for n = 21 only the point associated with
fp = 2.0 MHz is displayed).
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We describe the model used to predict the dispersion curves and displacements for a bilayer system with
perfect coupling between the layers. We also present pulse-echo measurements used to derive the layer
thicknesses. We apply the theoretical model to predict the ZGV Lamb mode frequencies, their wavenumbers
and their out-of-plane and in-plane displacements.
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2THEORETICAL MODEL
The geometry is shown in Fig. 1. We assume that the
two layers are isotropic, homogeneous and infinite, with
mass density ρi, longitudinal and transverse velocities cLi
and cTi, and thicknesses hi, where i = 1, 2 indicates the
layer number. The coupling between the layers is taken
to be perfect, i.e., by assuming continuity of the displace-
ment and stress components at the interface (z = 0).
The ω (angular frequency) – k (wavenumber) relation is
solved using the scalar potential φ and the vector po-
tential ψ, where the latter is reduced to a scalar as the
problem is two-dimensional. The tangential and normal
displacements are derived from these potentials as fol-
lows:
ux =
∂φ
∂x
− ∂ψ
∂z
, uz =
∂φ
∂z
+
∂ψ
∂x
, (1)
and the stresses are given by
σxz = µ
(
2∂2φ
∂x∂z
+
∂2ψ
∂x2
− ∂
2ψ
∂z2
)
, (2)
σzz = λ
(
∂2φ
∂x2
+
∂2φ
∂z2
)
+ 2µ
(
∂2φ
∂z2
+
∂2ψ
∂x∂z
)
, (3)
where λ, µ are the Lame´ coefficients? .
The potentials in the layers can be expressed as
FIG. 1. Geometry of the bilayer model.

φ1 = [A1L cos(p1z) +B1L sin(p1z)] e
(kx−ωt)
ψ1 = [A1T cos(q1z) +B1T sin(q1z)] e
(kx−ωt)
φ2 = [A2L cos(p2z) +B2L sin(p2z)] e
(kx−ωt)
ψ2 = [A2T cos(q2z) +B2T sin(q2z)] e
(kx−ωt),
(4)
where p and q are the z-components of the longitudinal
and transverse wave vectors, respectively. The wavenum-
bers kLi = ω/cLi and kTi = ω/cTi satisfy dispersion rela-
tions for bulk waves kLi
2 = k2 + pi
2 and kTi
2 = k2 + qi
2.
AiL, BiL are the amplitudes of longitudinal components
and AiT , BiT are the amplitudes of shear components.
At the free boundaries (z = −h1 and h2), the stresses
normal to the surface (σxz and σzz) vanish, whereas at
the interface (z = 0), the continuity of displacement and
stresses is applied. It follows that

σzz1 = σxz1 = 0 for z = −h1,
σzz1 = σzz2 for z = 0,
σxz1 = σxz2 for z = 0,
ux1 = ux2 for z = 0,
uz1 = uz2 for z = 0,
σzz2 = σxz2 = 0 for z = h2.
(5)
From Eqs. (1–5), the problem can be rewritten in ma-
trix form, M ·U = [0]:

2kp1 sin[p1h1] 2kp1 cos[p1h1] (kt1
2 − 2k2) cos[q1h1] −(kt12 − 2k2)sin[q1h1]
−(kt12 − 2k2) cos[p1h1] (kt12 − 2k2)sin[p1h1] 2kq1 sin[q1h1] 2kq1 cos[q1h1]
0 2kµ1p1 (kt1
2 − 2k2)µ1 0
−(kt12 − 2k2)µ1 0 0 2kµ1q1
k 0 0 −q1
0 p1 k 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 −2kµ2p2 −(kt22 − 2k2)µ2 0
(kt2
2 − 2k2)µ2 0 0 −2kµ2q2
−k 0 0 q2
0 −p2 −k 0
−2kp2 sin[p2h2] 2kp2 cos[p2h2] (kt22 − 2k2) cos[q2h2] (kt22 − 2k2)sin[q2h2]
−(kt22 − 2k2) cos[p2h2] −(kt22 − 2k2)sin[p2h2] −2kq2 sin[q2h2] 2kq2 cos[q2h2]

·

A1L
B1L
A1T
B1T
A2L
B2L
A2T
B2T

=

0
0
0
0
0
0
0
0

. (6)
Non-trivial solutions are found when the determinant
of the 8 × 8 matrix M vanishes, i.e., det(M) = 0. In
order to avoid (unwanted) bulk waves propagating at ve-
locities cLi (pi = 0) and cTi (qi = 0), the terms p1, q1,
p2 and q2 can be factorized in the 2
nd, 4th 6th and 8th
rows, respectively. The dispersion curves of the bilayer
structure is then estimated by determining the zeros of
the secular equation. As the structure is spatially asym-
metric, modes cannot be classified exactly as symmetric
and antisymmetric. For a given mode, the group veloc-
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FIG. 2. Pulse-echo measurements and ZGV mode displacements. (a) Surface particle velocity temporal variation,
showing acoustic echoes. Zoom-in on the echoes from (b) the interface and (c) the rear surface of the sample. (d) Calculated
dispersion curves of the bilayer system. (e–g) Calculated normal (solid line) and tangential (dashed line) displacements in the
Ti/Si3N4 bilayer for the first three ZGV Lamb modes (a) at f
th
1 = 1.7248 GHz and k
th
1 = 0.620 µm−1 (b) at f th2 = 3.0014 GHz
and kth2 = 0.732 µm−1 and (c) at f th3 = 6.9476 GHz and kth3 = 0.492 µm−1.
ity is extracted using vg = ∂ω/∂k. A solution (ω, k) is
identified as a ZGV mode if vg = 0 with k 6= 0. Fur-
thermore, normal and tangential displacements—uz and
ux, respectively—can be estimated from the dispersion
curves. For a solution (ω, k), the equations representing
the boundary conditions can be be solved once a compo-
nent common to U is fixed (e.g., A1L = 1). This gives
access to the relative displacements ux,z.
SAMPLE AND EXPERIMENTAL PARAMETERS
The sample consists of a silicon-nitride membrane
provided by NTT Advanced Technology Corporation
(MEM-N0302) with a nominal thickness of 2 ± 0.2 µm.
It is mostly composed of Si3N4, but is not a pure crys-
tal (the composition ratio Si:N is between 3:4 and 1:1).
Nevertheless, it is hereafter denoted as Si3N4. The mem-
brane is supported on its edges by a Si frame, provid-
ing a 3 × 3 mm2 area with free surfaces, necessary to
generate ZGV Lamb modes. The membrane is coated
with a ∼500 nm sputtered polycrystalline titanium film.
To calculate the dispersion curves, the elastic constants
and density are taken from Ref. ? : cLTi = 6130 m.s
−1,
cTTi = 3182 m.s
−1, ρ
Ti
= 4508 kg.m−3 for titanium and
cLSi3N4 = 10607 m.s
−1, cTSi3N4 = 6204 m.s
−1, ρ
Si3N4
=
3185 kg.m−3 for silicon nitride. In order to accurately
determine the thicknesses, an experiment measuring the
TABLE I. First three ZGV Lamb mode frequencies f
and wavenumbers k for the Ti/Si3N4 bilayer.
Mode f (GHz) k (µm−1)
1 qS1 1.7248 0.620
2 qA3 3.0014 0.732
3 qA7 6.9476 0.492
surface particle velocity in the time domain is carried out
using an interferometric pulse-echo method with focused
pulsed-laser beams (∼1.5 µm 1/e2 diameter) and picosec-
ond time resolution. The pump beam is modulated at
fp = 1 MHz, and we monitor the in-phase output of
the lock-in amplifier. The result is shown in Fig. 2(a).
The first minimum in the variation at t0 = 0 is related to
the temperature rise and deformation caused by the laser
pulse. The echo at t1 corresponds to the acoustic pulse
reflected from the Si3N4/Ti interface, whereas the second
echo at t2 corresponds to the acoustic pulse reflected from
the rear surface of the membrane. The weak reflection
from the interface (at t1) indicates good adhesion (as our
model assumes). The corresponding time intervals are
∆t1 = 215 ± 1 ps and ∆t2 = 560 ± 1 ps, allowing us to
evaluate the thicknesses of 659± 3 and 1830± 10 nm for
the Ti and the Si3N4 layers, respectively, from the known
cL values
? . For Si3N4 the thickness agrees within the
10% uncertainty given by the supplier.
The corresponding predicted dispersion curves are
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4shown in Fig. 2(d). The mode classification follows the
one suggested by Mindlin? , where the integers corre-
spond to the number of antinodes of the mechanical
displacement. This integer can be negative in case of
negative group velocity. The ‘q’ denomination relates
to the term quasi- in the appellations quasi-symmetric
and quasi-antisymmetric, related to the sample spatial
asymmetry. For the solid modes (i.e., for k = 0 µm−1),
qA2n, qS2n+1 have an out-of-plane displacement whereas
qA2n+1, qS2n have an in-plane displacement. Therefore,
the former are more likely to be observed in our exper-
iments. Three ZGV Lamb modes are predicted below
10 GHz. They are then referred as qS1, qA3 and qA7,
and are labeled 1, 2, 3, respectively, for simplicity (see
Table I). Their frequencies and associated wavenumbers
are displayed in Table I. With the arbitrary-frequency
method (see Methods in the Main text), these frequen-
cies are accessible by modulating the pump beam at the
frequency fp = 36.8, fp = 27.3, and fp = 34.9 MHz,
for the first, second and third ZGV Lamb modes, respec-
tively.
We also present the normal and tangential displace-
ments of these three ZGV modes in Fig. 2(e)–(g). At the
top free surface, i.e., where the excitation and detection
occur, the tangential displacement is significant for the
three modes. Conversely, the normal displacement is dif-
ferent for these modes: it is predominant for the lowest
ZGV mode at f th1 = 1.7248 GHz (Fig. 2(e)), still signifi-
cant for the second one at f th2 = 3.0014 GHz (Fig. 2(f))
and relatively weak for the third one at f th3 = 6.9476 GHz
(Fig. 2(g)).
Finally, the pump beam radius should be carefully cho-
sen to enhance ZGV Lamb mode generation. For a sin-
gle isotropic plate, Bruno et al. demonstrated that, for a
Gaussian beam, the optimum response is reached when
the 1/e2 radius is 2
√
2/k? . Extending this result for our
bilayer system leads to an ideal pump radius of ∼4.6 µm
for the first ZGV mode. In our set-up, detection sensi-
tivity is inversely proportional to the probe beam radius.
As both pump and probe beams are focused with the
same objective lens (see Fig. 1(a) in the main text), it
is difficult to achieve the ideal case. A good compromise
is found with the pump and probe 1/e2 radii, measured
by knife-edge technique, set to be 4.2 and 2.8 µm, re-
spectively. This optimises the generation of propagat-
ing modes with wavenumber k = 0.67 µm−1, but modes
with 0.3 6 k 6 1.4 should also be generated. For the
particular case of solid modes (k = 0), we can expect
such modes generated if the radius is larger than 2.1 µm.
These limits are estimated by extrapolating the numer-
ical results found by Balogun et al. in a 50 µm thick
aluminum plate? . Generation is considered effective, as
in this case, when the normalised amplitude (associated
to the wavenumber and radius) is greater than half of its
maximum value.
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